A novel capacitive coupled hollow cathode (CCHC) RF vacuum discharge polishing apparatus was established in house. The plasma was generated by using 13.56 MHz and 100 MHz RF power source respectively. Pre-polished fused silica substrates with average surface roughness of 1.5nm (rms) were used for the investigation of the plasma polishing process. SF 6 was used as the active etching gas, Ar and O 2 or their mixture was used as carrying gas. The gas flow of SF 6 was fixed at 10 SCCM, the total flow rate of the carrying gases was selected as 110 SCCM. When the carrying gas was pure Ar, the surface roughness of the fused silica substrate increased from about 1.5nm to 2.0nm and to 4.1nm for 13.56 MHz and 100 MHz plasma etching respectively. When the plasma was generated at 13.56 MHz, the surface roughness of the fused silica substrate decreased with the increasing of the gas flow rate of O 2 , and reached its minimum of 1.04nm with an O 2 flow rate of 50 SCCM. Similar result was obtained when the plasma was generated at 100 MHz, the difference was that the minimum roughness of the substrate was 0.88nm.
Introduction
Plasma based technologies have been developed to manufacture ultra precision optical surfaces for applications in EUV lithography optics, large scale telescopic optics, x-ray optics and laser fusion optics. Plasma polishing method shows high etching rate, no sub-surface damage, and high precision. Among the technologies, Plasma Assisted Chemical Etching (PACE), Chemical Vapor Machining (CVM), Plasma Jet Chemical Etching (PJCE), and Ion Beam Finishing (IBF) have attracted more interests [1] [2] [3] [4] [5] [6] .
In late 1980s, Kodak [1] developed the PACE method for the figuring and polishing of large scale mirrors for telescopes with size up to 2.5m. It has high etching rate up to 100 m/min. CVM is a technology developed by Nikon and Osaka University for the fabrication of EUV lithography optics [3, 4] . The etching rate of CVM method can be as high as 200 m/min. Both PACE and CVM have similar working principle. Based on the same idea, IOM developed an atmosphere plasma etching method called Plasma Jet Chemical Etching (PJCE). Compare with plasma etching methods, IBF method can be used to fabricate optical surface with higher form accuracy, but it has relatively low etching rate compared with that of plasma methods [5, 6] .
To develop a polishing process for super-smooth optical surface, a novel vacuum plasma polishing apparatus was established in house [7] . A capacitive coupled hollow cathode (CCHC) RF vacuum discharge process was utilized to generate high density plasma in vacuum to maintain high etching rate and to keep a clean processing environment. This paper is focused on the variation of surface roughness of the fused silica substrate during the plasma polishing process. It has been proven that there are many parameters showing strong effects on the evolution of the surface roughness, among which, processing gas flow is one of the most important parameters.
Experimental

Polishing apparatus
The developed CCHC RF discharge facility for the plasma polishing process is shown in Fig. 1(a) . In the system, a vacuum chamber is used to house all the parts. The plasma is generated by using either 13.56MHz or 100MHz RF power source. There are three gas sources in the system, they are SF 6 as the active etching gas, Ar and O 2 or their mixture as carrying gases. The pumping system and gas flow controllers are used in the system to keep the working pressure constant.
The chemically active neutral substances (free radicals) of the F* dissociated from SF 6 , will react with silica to form volatile products, which is shown as:
SiO 2 F* SiF 4 X (1) Another chemical reaction is the positive F ions react with the substrate in the sheath electric field, and the reaction is concentrated in the direction of electric field, which is shown as:
(2) Both the reactions contribute to the chemical etching of silica, and are affected by discharge parameters. CCHC plasma source is used in the apparatus as shown in Fig.1(b) . Appropriate geometric parameter of the plasma source has been investigated to optimize its discharge characteristics to get stable discharge under various conditions including different working pressure, different discharge power and different working gas. 
Experimental conditions
The plasma was generated by using 13.56 MHz and 100 MHz RF power source respectively. Important process parameters include gas flow rate, carrying gas flow rate ratio, working pressure and RF power.
In the experiment, SF 6 was used as the active etching gas, Ar and O 2 or their mixture was used as carrying gas. The gas flow of SF 6 was fixed at 10 SCCM, the total flow rate of the carrying gas was selected as 100 SCCM. The gas flow rate ratio of the carrying gas Ar and O 2 was changed to investigate the variation of the surface roughness. The working pressure of the vacuum chamber was kept at 20Pa and the etching time was selected as 30 minutes for all the polishing processes.
When the 13.56MHz RF power source was used, the discharge power was kept at 30W. When the 100MHz RF power source was used, the discharge power was set as 80W. Under those conditions, stable plasma discharge was obtained.
Before the plasma polishing, the fused silica substrate was cleaned using a standard RCA cleaning process.
Taylor-Hobson white light interferometer CCI-2000 was used to evaluate the surface roughness of the fused silica samples before and after the plasma polishing. Pre-polished fused silica substrates with average surface roughness of 1.5nm (rms) were used for the investigation of the polishing process.
Results and Discussions
3.1 plasma was generated at 13.56MHz Fig. 2 shows the variation of the surface roughness of the fused silica polished by using 13.56MHz plasma with different carrying gas flow rate ratio. With the increasing of the O 2 flow rate, the surface roughness of the fused silica decreased monotonously. When the O 2 gas flow rate was 50 SCCM, which means the flow rate ratio between the O 2 and the Ar is 1:1, the surface roughness reached its minimum of 1.04nm.
It is interesting to note that the roughness of the polished silica increased obviously from about 1.65nm to 2.9nm when the flow rate of O 2 was 0, or the flow rate of Ar was 100 SCCM. In reference 6, this roughness evolution was attributed to the Ar ion roughening of the etched surface, and the increasing or even replacing of the Ar with more reactive O 2 gas impeded the roughening effect.
3.2 the plasma was generated at 100MHz Fig. 3 shows the variation of the surface roughness of the fused silica polished by using 100MHz plasma with different O 2 and Ar gas flow rate ratio.
Again, with the increasing of the O 2 flow rate, the surface roughness of the fused silica decreased monotonously. Combine the results in Fig. 2 and 3 , it can be concluded that the initial roughness of the silica showed influence on the evolution of the resulted roughness after the polishing. The resulted roughness fluctuated with the initial roughness of the silica samples as shown in Fig. 2 . When the initial roughness of the silica samples kept the same, the resulted roughness after the polishing decreased with the increasing of the O 2 gas flow rate smoothly and reached its minimum at O 2 gas flow rate of 50 SCCM as seen in Fig. 3 .
When the plasma was generated at 100MHz, the minimum roughness obtained was only 0.88nm. Same roughening effect was observed for pure Ar carrying gas. The roughness increased from about 1.4nm to 4.1nm in this case.
Conclusions
In the CCHC RF plasma polishing processes, the variation of the surface roughness of the fused silica was influenced by the discharge frequency, the carrying gas, and the gas flow rate ratio of the carrying gases.
When the plasma was generated at 13.56 MHz, the surface roughness of the fused silica substrate decreased with the increasing of the gas flow rate of O 2 , and reached its minimum of 1.04nm with an O 2 flow rate of 50 SCCM. When the plasma was generated at 100 MHz, the surface roughness of the fused silica substrate decreased with the increasing of the gas flow rate of O 2 , and reached its minimum of 0.88nm with an O 2 flow rate of 50 SCCM.
Since when the carrying gas was pure Ar, the surface roughness of the fused silica substrate increased from about 1.5nm to 2.9nm and to 4.1nm for 13.56 MHz and 100 MHz plasma etching respectively, it indicated that dominant polishing mechanism was chemical reaction and the polishing effects were strongly influenced by the exciting frequency of the RF plasma.
